Abstract--We have optimized the design and calculated the margins for a number of single flux quantum (SFQ) logic elements including AND, OR, XOR, Splitter, DC-to-SFQ converter, and SFQ-to-DC converter. These are the fundamental building blocks necessary to construct more complex logic functions such as the half adder, and full adder. Experimental tests of the primary gates, the AND, OR, XOR, and splitter, were made by imbedding each test gate between DC-to-SFQ converters at the inputs and SFQ-to-DC converters at the outputs. Automated testing of each circuit was used to determine functionality, optimum bias levels, and margins. The experimental bias current margins for each gate are consistent with the simulations. This is the first experimental functional confirmation of these SFQ logic gates.
I. INTRODUCTION
The rapid single flux quantum (RSFQ) logic family was proposed by Likharev, Mukhanov, and Semenov [l-31 as a low-power, high-speed, Josephson-junction-based alternative to semiconductor logic. Since RSFQ logic operates with dc power and is self resetting, it overcomes the main performance difficulties of Josephson voltage-state logic: crosstalk and slow resetting speed. It also has the potential for a higher operating temperature than voltage-state logic through the use of nonhysteretic high-T, junctions. Hamilton and Gilbert [41 optimized the parameters for the AND, OR, XOR, and splitter elements of the RSFQ logic family, By maximizing the critical margin, which is defined as the smallest margin, they found the critical margin for each circuit to be greater than about 30% (see Table 1 ).
In this paper we present the first experimental verification of these RSFQ logic gates. We describe the design and optimization of the input and output circuits, the circuit layout and low-Tc fabrication process, and the experimental tests. Comments will be made throughout the paper on the implications and prospects of using these primary circuit elements for constructing more complex functions such as the half adder and full adder. current. Application of the input current I;, causes an SFQ transition (27~ phase advance) in J2 launching an SFQ pulse into the test circuit and trapping a circulating current in loop L1-J 1-J2. The magnetically coupled, unshunted read SQUID J3-L2-J4 detects the circulating current in L1 confirming correct operation. Reversing I;, causes an SFQ transition in J1 resetting the circuit to its initial state.
SFQ J1
A I was 8.9 pH, and pc = 1 and C/Ic = 3.7 pF/mA for all shunted junctions.
In the SFQ/DC converter an SFQ pulse at the input traps a circulating current in the loop L3-J5 and the junction in the preceding stage (not shown). The circulating current in L3 is detected by the read SQUID. Application of Iout causes an SFQ transition in J5 resetting the circuit. We chose Ll = L3 so identical read SQUIDS could be used in the input and output circuits. The operation of the primary RSFQ gates has been described previously [ 1-31.
To ensure successful operation, the input and output parameters were optimized specifically for each RSFQ gatel 11. TEST CIRCUIT DESIGN AND CX''IIMIZATION ;sing the same meihod described in [4] . First, the RSFQ gate parameters were fixed at the optimized values found by Hamilton and Gilbert [4] . Margins were calculated for each parameter of the entire test circuit (the primary gate including the input and output circuits) and the critical margin deermined. Then each I/O parameter was adjusted one by one in whichever direction increased the critical margin, while still 1An additional junction-inductor stage (100 PA, 9.7 pH, 108 PA bias) was added to the AND gate A and B inputs (see Ref. The inputs and outputs of RsFQ circuits are single flux quantum (SFQ) Pulses with a typical amplitude of 1 mV and a duration of 2 PS. Since these Pulses Can neither be generated nor directly detected With rOOm temperatUre eleCtrOniCS, it is necessary to imbed the RsFQ circuit elements between DC/SFQ and S F W converters [51. The inpudoutput (I/o) circuits used in these experiments are shown in Fig. 1 In keeping with our goal of using standardized SFQ elements, we next determined the margins of the gates for a standard set of I/O parameters to be used in the experiments. The srundard 1/0 parameters are given in the caption of Fig. 1 . The use of standard I/O parameters for the test circuits reduces the critical margins even further.
LAYOUT AND FABRICATION
The layout for the primary RSFQ gates with their 1 / 0 circuits is relatively straightforward because only a single clock pulse is required and the connections between junctions are short and can easily be made to satisfy the typical 5-8 pH design requirement. The layout of the more complex half and full adder circuits is substantially more difficult for two reasons: (1) Some of the interconnection lengths are too long to achieve with a 5-8 pH inductor, and (2) each gate requires a clock pulse which is precisely timed with respect to the other gates. To satisfy these requirements, Josephson transmission lines were used in several key places to transmit SFQ pulses through lines of greater than 8 pH and to achieve the appropriate clock timing [4].
The timing requirements and extraordinary geometry dependence of RSFQ logic make its layout significantly more difficult than voltage-state logic where elements can be interconnected with superconducting striplines of unspecified length. The requirement for shunted SIS tunnel junctions which demand Considerably more chip area than unshunted junctions, also adds geometrical constraints. The development of critically damped, unshunted, high-current density junctions using submicrometer lithography would solve this problem.
Satisfying the geometrical and timing constraints for the half and full adders required an iterative layout process. First the primary gates were designed and laid out independently. Then the AND, the XOR, and three splitters were connected to construct the half adder with appropriate readjustments to make all interconnections fit. Finally, two half adders, three Josephson transmission lines, and two more splitters were connected together and restructured again to complete the full compaction, the fin approximately 3 10 "2.
Both circuits size, with sufficient
The circuits were laid contact pads. All test c adder and full adder, we circuit schematic is shown 1 power was supplied on a Resistors (6x6, 6x30, Thirty different square junctions with areas ranging from 9 pm2 to 38 p 2 were required to implement all of the circuits and other test structures on the chip. The test structures are listed in Table 2 . A systematic error in junction critical currents resulting from etchback of the counterelectrodes was found using the 400-junction series arrays. New masks were made to account for the etchback. Another systematic error which was not accounted for at the original layout, and has yet to be corrected, resulted from contact resistance, typically 0.25 R, between the resistors and the Nb base electrode. This has a considerable effect since some of the resistors (shunts) have design values as small as 0.5 R.
The on-chip critical current uniformity of the smallest junctions in the SFQ test circuits was found to be better than 1% at 1 standard deviation as measured from the small junction series array. The inductor and resistor uniformities, again measured from test structures, were both better than 3 % across the 5.1 cm diameter wafer. The biggest fabrication difficulty encountered was not across-chip uniformity, but simultaneously achieving the desired target values for current density, resistance and inductance. The test structures were essential for improving the process control of these parameters to better than a few percent.
IV. EXPERIMENTAL TEST RESULTS
The experimental testing of these circuits required a sophisticated system to manipulate the multiple input and output biases and to monitor their flux states. The NIST SFQ Test System was designed specifically for testing SFQ circuits and is described in detail elsewhere [6]. This system enabled the initial bias parameters to be determined interactively and the margin search and optimization to be fully automated. The circuits were first made to operate by adjusting the bus, input, and output biases. The input and output biases were found for a given bus bias by determining threshold characteristics for the inputs and outputs using the read SQUIDS and either Iin or Iout as a control line. Offset currents to Ii, and IOut were sometimes used to correctly position the input and output biases in a threshold lobe. IR was fixed midway between the SQUID threshold current for a 1 and a 0 in the I/O circuit and was typically 100 PA.
Once these initial operating points and read SQUID thresholds were found, the bias conditions were checked for correct logic operation. The input sequence used to test the four logic conditions, no input, A and E, A only, and finally B only, is plotted in Fig. 3 with the read SQUID voltages and shows the correct logic operation for the experimental OR gate. The currents are all normalized to their bias values, and the voltages are normalized to 2.8 mV.
The input, output, and bus current margins were determined and optimized using the same method as the simulations. The margins were searched up to a maximum of f 70 %. The automated test circuit usually completed the margin optimization within 24-48 hours. The optimized experimental margins for four test circuits on the same chip are shown in Fig. 4 and the critical margins are listed in Table  3 The critical margin for the OR test circuit, I;, B, was unexpected since it is laid out essentially symmetrically with respect to A and B. This lower margin for B, which is also observed for the other chips from this wafer, may be due to a mask or exposure defect. The parameter with the smallest total margin was typically the bus bias, and that the gate with the smallest bus line margin is the AND gate. This is probably a result of the systematic error in the fabricated resistor ratios due to contact resistance. The total bus line margin seems to scale inversely with the number of biases to the bus. Given this trend it is not surprising that we were unable to make the half and full adder circuits function. The circuits typically could be operated at the same bias conditions after thermal cycling, but occasionally the bias conditions changed due to trapped flux in the circuit. Sometimes a read SQUID would be in the opposite flux state or its threshold would be reduced for the same bias conditions, indicating the presence of trapped hux. Trapped flux either reduced margins or made the circuit nonfunctional.
IV. CONCLUSION
Correct operation of the primary RSFQ logic circuits has been experimentally demonstrated at low speeds. The experimental test circuits have fair margins as compared to simulations, considering the use of bus biasing and fabrication uniformity. The impact of trapped flux on the circuits is clearly detrimental and requires further investigation. The more complex RSFQ functions on the chip, the half adder and full adder, were not successfully operated, even though the input and output circuits functioned properly. It is not clear whether this is a direct result of increased circuit complexity, decreased margins due to the single bus line, or some other difficulty.
